Recently the point defect responsible for the emission of cobalt in doped ZnO samples has been indentified [1] . In this work we further extend our investigation to other point defects in Co-doped ZnO. We use density-functional theory and GW calculations to determined the orbital-resolved band structure of cobalt doped zinc oxide (ZnO). We show that mainly O-p and Co-d orbitals take part in the process and confirm that an oxygen interstitial nearby a cobalt atom is a likely defect to occur in ion beam Co-doped ZnO samples. We also rule out that other common point defects in ZnO can be responsible for the observed d-d transition. Finally, we suggest that defect complexes involving oxygen interstitials could be used to promote ferromagnetism in cobalt doped ZnO samples.
Impurities in semiconductors offer the possibility of manipulating their electronic, magnetic and optical properties. Cobalt doped ZnO has attracted great interest for applications in diluted magnetic semiconductors (DMS) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and consequently can provide a way to possibly use the electron spin for quantum information devices [12, 13] . Furthermore, doping of ZnO with transition metals and rare-earths were found to extend the emission range from the intrinsic band gap to the infrared spectrum. Consequently, Co atoms can be incorporated as optical centers into the ZnO matrix, allowing to tune its electronic and optical properties, making it interesting for optoelectronic devices, for example as single-photon emitters [14, 15] . Intrinsic defects, such as vacancies or interstitials, forming defect complexes with the substitutional impurity can change the ionization state and coordination number of cobalt, which strongly affect the luminescence properties [16, 17] .
Recent experiments have shown that after Co implantation, luminescence signatures at 1.74- 1.88 eV have been observed [1, 18, 19] . Co is found to be incorporated at a zinc site leading to a 2+ oxidation state. Luminescence spectra of ZnO nanowires ensembles with nominal Co concentrations ranging from 0.05 to 8.0 at% after annealing in air at temperatures of 500-900 o C shows luminescence in the visible region assigned to cobalt incorporation. The mechanism underlying this process has been recently identified by some of us [1] in which a defect involving a cobalt atom substituting a zinc atom nearby with an oxygen interstitial atom. In this work by employing state-of-the-art first principles calculations, we further explore the mechanism for this luminescene and extend our investigation to other defects to show that other common point defects can be rule out in participating in the observed d-d transition.
We employ density-functional theory [20, 21] and many-body GW methods [22] as implemented in the Vienna ab initio simulation package (VASP) [23] to investigate the electronic structure of Co-doped ZnO in the presence of intrinsic defects. The supercell used in the calculations consisted of 72 atoms with a Co concentration of 2.7%. The projected augmented wave method (PAW) has been used [23, 24] to relax the structures with the Perdew-Burke-Ernzenhof (PBE) form for the exchange-correlation functional [25] . A plane wave basis set with an energy cutoff of E cut = 400 eV and a (3 × 2 × 2) Monkhorst-Pack k-point sampling was employed to integrate the charge density. GW calculations have been performed to determine the electronic structure of the doped systems. This approach has been succesfully used in our previous works [1, 15, 26, 27] .
Since the preparation conditions can be varied by providing a O-rich or Zn-rich environment, this can lead to drastic changes in the electronic structure of pure ZnO [1, 14, 28, 29] . Conse-quently, it is expected that intrinsic defects would also influence the electronic properties of doped samples. In Fig. 1 the relaxed geometries of (a) Co Zn (Co substitutional at a zinc site) is shown.
Incorporating cobalt into the ZnO matrix at a substitutional sites does not cause significant strain in the ZnO lattice. The cobalt distances to nearest neighbour oxygen atoms are 1.97 Å and 1.98 Å for in-plane and c-direction, respectively. The Co-Zn distances are 3.29 Å for atoms in the basal plane and 3.23 Å along the c-direction. Fig. 1 (b) shows the relaxed geometry of a Co substitutional at a zinc site plus an oxygen interstitial nearby Co Zn + O int . The Co-O distances to nearest neighbour oxygen atoms in the ZnO lattice are 1.92 Å along the c and 1.94 Å for the in-plane direction. The distance to the oxygen interstitial is 1.73 Å. Although the overall change in the structural properties of ZnO is not significant, the change in the electronic structure of both systems compared to bare ZnO is clearly visible, as we discuss below. The orbital decomposed electronic structure of Co Zn and Co Zn + O int defects is shown in Fig. 2 .
We first discuss the density-of-states of Co Zn shown in Fig. 2(a) . As Co ions occupy the Zn site in wurtzite ZnO, the ZnO octahedral crystal field splits the Co-3d states into lower e and higher t 2 levels. In the absence of other point defects, the majority-spin e and t 2 as well as the minority-spin e states are filled, while the minority spin down t 2 states are empty. In order to verify whether any of these defects can also give rise to luminescence in ZnO, we have calculated their corresponding total and Co-projected density of states as shown in Fig. 5 . For Co Zn + V Zn , Fig. 5(a) , there are no empty Co-d states inside the band gap and the formal charge of the Co atom is close to 3+. Occupied states are located at the VBM and 1 eV above it. Therefore we conclude that this defect complex cannot be responsible for the experimentally observed red emission. The electronic structure for the Co Zn + V O structure is displayed in Fig. 5(b) . Since there are no intra-gap states stemming from the Co atom this defect cannot be responsible for any luminescence observed in the experiment. Finally, the density of states for Co Zn + Zn int is shown in Fig. 5(c) . Intra-gap states are now present, with empty states located at -2.5 and -0.3 eV and occupied states are located at 0.4 and 1.2 eV. The Co formal charge is close to 2+. However, no clear optical transition is seen.
In order to assess the thermodynamic stability of defect complexes, we have calculated their formation energies. Following the approach described in Ref. [34] , the formation energy E f of a neutral defect in ZnO is defined as
where E tot defect is the total energy of the respective defect complex and E tot bulk is the total energy of a bulk ZnO supercell. n i describes the number of atoms of type i that have been added or removed from the complex with µ i as the corresponding chemical potential. Since the conditions can assume any value between Zn-rich or O-rich conditions in a synthetization process, limits should be introduced to the chemical potential µ. In the lower limit, the material is free of defects, whereas the upper limit corresponds to the formation of elemental bulk/precipitation phases. This can be avoided by employing the following condition for Co metal µ Co ≤ µ Co-bulk . A similar condition can be imposed for cobalt oxide in order to avoid the formation of such crystal phases µ Co ≤ µ CoO , where CoO was chosen as the upper limit. With µ Zn and µ O as the chemical otentials of zinc and oxygen, respectively, the ZnO chemical potential is:
Since the formation enthalpy of ZnO is defined as:
the potential energy of oxygen can be expressed as
Here µ O 2 is the oxygen molecule chemical potential and λ is 0 (1) for oxygen rich (poor)
conditions. Furthermore, we define the chemical potential of cobalt oxide as:
where ∆H CoO is the formation enthalpy of cobalt oxide bulk. Finally, the chemical potential for cobalt can be written as:
The total energy for the respective zinc and cobalt bulk systems were calculated using a hcp crystal structure. We find a value of ∆H ZnO = 2.88 eV using PBE, which is in good agreement with other GGA calculations [35, 36] . Cohesive energies of E ZnO c,PBE = −7.37 eV and E Zn c,PBE = −1.11 eV have been calculated, which agree very well with experimental values of E ZnO c,exp = −7.52 eV [37] and E Zn c,exp = −1.35 eV [38] , respectively. Table I displays under O-rich conditions. In the limit of O-rich conditions, oxygen interstitials are also more likely to form compared to the O-poor case. The opposite is true for zinc interstitials. These values agree with previous works [33, 39, 40] . On the other hand, incorporating cobalt at interstitial sites is unfavourable due to the strain and will not be discussed further [41] .
The most stable defect complexes under O-rich (Zn-poor) conditions are the Co Zn + V Zn (0.25 eV) and the Co Zn + O int (1.83 eV) defect complexes. So it is energetically more favourable to create a zinc vacancy than to create an oxygen interstitial. This might be due to the fact that because of their size, incorporating an O atom at an interstitial site causes more stress to the ZnO matrix. This is corroborated by the observation, that Co Zn + Zn int complexes have very high formation energies under both conditions and are therefore very unlikely to form. A possible explanation for the stability of the Co Zn + O int complex could be the low diffusion barrier for oxygen interstitials [39] . Moreover, under O-poor (Zn-rich) conditions, only the Co Zn + V O complex has a fairly low formation energy (2.37 eV). Interestingly, the isolated oxygen interstitial has a fairly high formation energy. This means that once it is formed during an experiment, it can quickly form complexes in the material. Since oxygen octahedral interstitials have a relatively low diffusion barrier [31, 40] , it is likely to be produce under O-rich conditions and to form a stable complex.
Finally, in an attempt to give some insight in ferromagnetic properties of Co doped ZnO we briefly discuss the magnetic moments of the isolated Co defect and the Co defect in the presence of an oxygen interstitial. Much has been discussed about electron mediated ferromagnetism in transition metal doped ZnO. The energy position of the t 2 minority states relative to the host conduction band is crucial for the carrier-mediated ferromagnetism [8] . In conclusion, we have performed density-functional theory and GW calculations to investigate the influence of neutral intrinsic defects in Co-doped ZnO. We find that a defect involving a cobalt atom substituting a zinc atom in the presence of an oxygen interstitial is the most probable defect giving rise to the intra-3d luminescence of recent experimental finds [1] . Furthermore, we suggest that such a defect complex could help promoting ferromagnetism in cobalt doped ZnO samples. 
